A new aqueous sulfate trivalent chromium bath is described. The chromium bath contains formic acid and carbamide as complexing agents. Chromium was deposited at a temperature of 30÷40 °C and a cathode current density of 10÷25 A dm -2 . The bath allows obtaining thick (up to several hundred micrometers) hard chromium coatings with nanocrystalline structure. The electrodeposition rate reaches 0.8÷0.9 µm min -1 .
Introduction
Hard chromium electrodeposition is extensively used in modern industry because of extraordinary properties of chromium deposits. Commonly, chromium coatings are deposited from hazardous hexavalent chromium baths. In view of a very high toxicity of Cr(VI) compounds, development of chromium electroplating processes on the base of Cr(III) salts is a very important task of modern electroplating.
Many investigations dealing with development of effective trivalent chromium baths have been carried out [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Unfortunately, the proposed baths are not always sufficiently stable. Additionally, it is rather difficult to deposit thick high-quality chromium layers from trivalent chromium baths.
Recently, trivalent Cr-baths containing simultaneously formic acid (or formates) and carbamide (urea) were proposed [13] [14] [15] [16] . These baths seem to allow obtaining thick chromium coatings with a rather large current efficiency.
Nevertheless, in is not clear whether these baths allow performing a stable long-time electrolysis. The effect of electrolysis conditions on the properties of Cr-coatings as well as on the current efficiency of chromium deposition and deposition rate is practically unexplored.
The aim of this work was to investigate more comprehensively eco-friendly chromium electroplating process from the trivalent sulfate chromium bath containing carbamide and formic acid.
Experimental
Chromium electrodeposition was performed galvanostatically in a usual glass cell. During the electroplating, the electrolyte was maintained with an isothermal condition. Chromium was deposited on a disc electrode of copper foil fixed in a plastic holder. Prior to each experiment, the surface of copper foil was treated with magnesium oxide and then rinsed with hydrochloric acid solution and distillate water.
The electrolysis was carried out either with titanium-manganese dioxide anodes (TMDA) 17, 18 or with anodes made from platinized titanium. On these anodes, the electrooxidation of Cr(III) ions to Cr(VI) occurs with a rather small rate. Therefore, chromium electroplating was performed without separation of anode and cathode compartments. The current efficiency was calculated by comparing the weight gain of the cathode placed in the chrome-plating bath with that of a copper coulometer connected in series. The morphology of deposits was investigated by scanning electron microscopy (EVO 40XVP). The samples used in SEM-study were electroplated on the electropolished Cu-substrate, the thickness of deposits being about 20 µm. The hardness of chromium coatings was determined using a PMT-3 set-up at a load of 100 g and the coating thickness of about 20 µm.
Results and Discussion

Effect of bath composition and electrolysis conditions on the current efficiency and chromium deposition rate
In our preliminary experiments, we established the basic bath composition as well as the deposition conditions which allow obtaining high-quality thick chromium layers (Table 1) . Formic acid and carbamide play role of complexing agents. Sodium sulfate, aluminium sulfate and boric acid are conducting salts and buffer agent, respectively. Sodium dodecyl sulfate is used as a surfactant. Operating conditions pH 1.5 Bath temperature 30÷40 °C Cathodic current density 10÷25 A/dm
The current efficiency and the chromium deposition rate were stated to depend appreciably on the value of pH. An increase in pH leads to an increase in values of current efficiency and rate of chromium electroplating. However, at high pH, the deposits are dark and they crack intensively along the edges of the cathode sample. Therefore, we think that the optimal value of pH is about 1.5.
It should be stressed that the current efficiency of common chromium baths does not exceed 10-20% 19 . As can be seen, the current efficiency of chromium electroplating from the proposed trivalent chromium bath is sufficiently greater than in the case of ordinary hexavalent chromium baths.
The current efficiency of chromium deposition from the bath under study was shown to increase with an increase in the cathodic current density and a decrease in the bath temperature (Figure 1) . Decreasing the bath temperature results in deterioration of deposits surface appearance -they are not bright enough at the bath temperature of 30 °C. Hence, the optimal value of the bath temperature is about 35 °C.
If the value of cathodic current density of chromium deposition is more than 25 A dm -2 , the surface appearance of chromium deposits becomes poor. The surface of the deposits is rough and not bright at these values of current density. Thus, the most favorable current density is close to 15÷20 A dm -2 .
As was stated, the current efficiency does not virtually change with deposition time. Therefore, the electrodeposition rate is practically independent of the electrolysis time. This observation is highly important and favorable for practical use.
Structure of deposits and surface morphology
By means of the small-angle x-ray scattering (SAXS) method, we have stated that the coatings deposited from the trivalent chromium bath under study have a nanocrystalline structure; there are regions with atomic ordered arrangement in bulk material with the average size of 3÷5 nm. We will investigate and describe this question more thoroughly in a separate communication. Figure 2 is the surface morphology of the Cr-electrodeposits observed by scanning electron microscopy. As can be seen, the surface exhibits a great number of spheroids with different diameters. 
Hardness of deposits
The influence of the current density as well as the bath temperature on the hardness of deposits is shown in Figure 3 . The hardness of deposits proved to increase when current density increases from 15 to 25 A dm -2 . The hardness of coatings diminishes appreciably with an increase in the bath temperature. Let is note that the hardness of deposits under study possesses the values which are typical of the common chromium coatings deposited from hexavalent baths. 
Conclusion
Effect of the electrolysis conditions on the current efficiency, deposition rate, and hardness of deposits was studied using a sulfate trivalent chromium bath containing simultaneously both formic acid and carbamide as complexing agents.
The electroplating rate does not practically change during electrolysis time, the metal deposition rate being 0.7-0.9 µm min -1 . An absence of hazardous halogen containing compounds is an essential advantage of the trivalent chromium bath proposed. Using titanium-manganese dioxide anodes or anodes made of platinized titanium permits performing chromium deposition without separation of anodic and cathodic compartments.
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The nanocrystalline thick coatings deposited from the bath under study are bright and smooth. The hardness of Cr-coatings does not differ substantially from that which is typical of deposits obtained from usual hexavalent chromium baths.
